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Abstract

This document explores hydrologic modeling and flood frequency analysis
for ordinary high water mark (OHWM) delineation performed for Clean
Water Act implementation and other applications. OHWM delineation in
streams and rivers is primarily based on field indicators, and the stream-
flow recurrence interval corresponding with the OHWM varies between
different sites. However, recurrence intervals are the primary metric that
hydrologists use to characterize the variability of streamflow, and recur-
rence intervals provide context for understanding the OHWM. This docu-
ment tests modeling techniques for estimating flow frequency and assesses
their utility for OHWM delineation. The principal conclusions are that (1)
there are multiple ways to estimate streamflow recurrence intervals, each
having benefits, limitations, and slightly different results; (2) the uncer-
tainty in flow frequency analysis is one reason why the OHWM typically
should not be delineated based on the inundation extent of a specific flow
recurrence interval; and (3) despite this uncertainty, quantitative flow fre-
guency analysis can assist in OHWM delineation by helping to eliminate
or support potential OHWM locations observed in the field. Two separate
companion documents focus on (a) hydraulic modeling for OHWM deline-
ation and (b) the combined use of hydraulic modeling, flow frequency
analysis, and field evidence for OHWM delineation.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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1.1

Introduction

Background

Per Section 404 of the Clean Water Act, the ordinary high water mark
(OHWM) demarcates the lateral extent of federal jurisdiction in non-tidal
waters of the United States, in the absence of adjacent wetlands. The abil-
ity to locate the OHWM is important for determining whether certain ac-
tivities in and near rivers and streams—such as gravel mining; restoring
stream banks; building bridges, houses, and roads; and numerous other
activities—may need to be reviewed and authorized under the Clean Water
Act. Federal regulations define the OHWM as “that line on the shore es-
tablished by the fluctuations of water and indicated by physical character-
istics such as [a] clear, natural line impressed on the bank, shelving,
changes in the character of soil, destruction of terrestrial vegetation, the
presence of litter and debris, or other appropriate means that consider the
characteristics of the surrounding areas” (33 CFR 328.3)."

Building on this definition, a series of manuals and technical reports by
the U.S. Army Corps of Engineers (USACE) Engineer Research and Devel-
opment Center aims to clarify procedures and to reduce some of the diffi-
culties in delineating the OHWM in rivers and streams (e.g., Lichvar et al.
2006; Lichvar and McColley 2008; Curtis et al. 2011; Mersel and Lichvar
2014). These resources focus on the use of field evidence for delineating
the OHWM, especially three primary indicators—Ilateral topographic
breaks in slope, changes in vegetation characteristics, and changes in sedi-
ment characteristics—as shown in the archetypal channel in Figure 1. Im-
portantly, these documents emphasize that OHWM delineation is princi-
pally a field-based exercise and should not typically be undertaken by
hydrologic modeling or recurrence-interval analysis alone.

* U.S. Congress. 1986. Definition of “Waters of the United States.” Codified at 33 CFR 328.3 (et seq.).
Washington, DC: U.S. Government Printing Office.
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Figure 1. A schematic of an archetypal channel to demonstrate OHWM primary
indicators of changes in slope, sediment texture, and vegetation.

Change in slope,
vegetation, and
sediment grain size

However, in some cases, knowledge of the flow characteristics at a site can
assist in OHWM delineation beyond the information provided by field evi-
dence. For example, in some streams, there may be conflicting field indica-
tors or multiple potential OHWM locations based on the available field ev-
idence. This is especially pertinent in arid and semi-arid stream systems,
which commonly have one or more low-flow channels within a broader ac-
tive channel that may have adjacent floodplains and terraces. Each of
these geomorphic features may have different characteristic sediment
grain sizes, different vegetation characteristics, or a break in slope at its
boundaries. It may be difficult to determine which of these locations of
change is most reasonably associated with the OHWM, especially for de-
lineators with little experience at a particular site or with OHWM delinea-
tion in general.

In challenging delineation situations, knowledge of the streamflow recur-
rence intervals associated with various field indicators can sometimes be
used to rule out or support potential OHWM locations. Figure 2, repro-
duced from Gartner et al. (2016a), shows estimates of the flow recurrence
intervals associated with the elevations of two nested channels (i.e., one is
inset within the other) based on field surveys, hydraulic modeling (the
Manning equation), and flow frequency analysis (using StreamStats and
gage analysis). Field observations indicate that the boundaries of both
channels correspond with potential OHWM indicators. However, model
results indicate that the smaller channel corresponds with a channel-filling
flow that is roughly 1/100 of the 2-year recurrence-interval flow in this lo-
cation—a flow that is far too small to represent ordinary high water levels.
By contrast, the larger channel corresponds with approximately a 5- to 10-
year flood event, which is consistent with the range of recurrence intervals
associated with the OHWM in semi-arid systems (Lichvar et al. 2006; Cur-
tis et al. 2011). Thus, in this scenario, quantitative analysis can effectively
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be used to rule out the field indicators associated with the smaller channel
and to provide supporting evidence for the field indicators associated with
the larger channel.

Figure 2. A Cross-sectional view of Cristianitos Creek, San Clemente, CA, showing
flow modeling using the Manning equation (Gartner et al. 2016a).
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Objectives

There are three principal approaches to flood frequency analysis used to
determine the recurrence intervals of peak flows (also known as flood flow
frequencies), each with its benefits and limitations: stream-gage analysis,
regression equations, and rainfall-runoff modeling. Under a broad view,
all three approaches are hydrologic models. They all use a set of inputs
(such as a gage record, watershed characteristics, or rainfall intensity) to
mathematically compute a desired result, in this case recurrence-interval
estimates of particular streamflow amounts.

This report is one of a series of documents exploring the use of modeling
in OHWM delineation. Two companion reports focus on (a) hydraulic
modeling, which simulates the water surface profile for a given discharge
(Gartner et al. 2016a), and (b) case studies to test the combined applicabil-
ity of hydrologic and hydraulic modeling in OHWM delineation (Gartner
et al. 2016b).
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1.3

This document is intended for practitioners who are either performing or
reviewing OHWM delineations. The aim is to expand the reader’s under-
standing of how modeling is used to determine flow recurrence intervals

and how these might be applied or misapplied to OHWM delineations in

rivers and streams.

Approach

In this document, Section 2 defines and explores the meaning of recur-
rence intervals and flood frequency analysis. Section 3 examines and tests
how stream-gage data can help to determine and forecast flood flow fre-
guencies. Section 4 focuses on regression equations and investigates how
well a composite of gage data from several roughly similar watersheds pre-
dicts flow characteristics in ungaged watersheds. Section 5 examines how
well rainfall-runoff models use precipitation frequency to estimate flood
flow frequency. Section 6 assesses the applicability of these modeling ap-
proaches to OHWM delineation. Throughout, this review tests these mod-
els to determine which perform best in various situations and how they
may or may not be used to support OHWM delineation.

This document does not provide a set of standard procedures to calculate
recurrence intervals of flood flows—various technical manuals and tutori-
als outline those procedures—as that may require specialized training, pro-
fessional experience, and professional judgment. Instead, this report tests
various methods and lists the considerations of the techniques so that reg-
ulators and applicants can be better informed about the potential applica-
bility and limitations of hydrologic information for OHWM delineation
purposes.

The overarching points of this document are the following:

e There are multiple ways to estimate recurrence intervals. Each tech-
nique will give slightly different answers, and each technique has its
own benefits and limitations.

e The limited utility of flow frequency analysis for OHWM delineation is
due partly to the inherent uncertainty in determining flow recurrence
intervals.

e Despite this uncertainty, when performed and applied properly, flow
frequency analysis can assist with OHWM delineation in some circum-
stances.
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2 Understanding Recurrence Intervals and
Flow Frequency Analysis

The goal of flow frequency analysis is to determine how often flows of vari-
ous magnitudes occur—for example, the peak flow that occurs, on average,
once every 5 years (a.k.a. the 5-year flood). The terms flood flow fre-
qguency, flood recurrence interval, and flood return period are essentially
synonymous and are defined as the average time interval between actual
occurrences of a hydrological event of a given magnitude or greater
(IACWD 1982). Flood recurrence intervals are based on the probability
that a flood event will be equaled or exceeded in a given year. This proba-
bility is determined through statistical techniques, collectively called flow
frequency analysis. The relationship between frequency and probability is
defined as T = 1/P, where T is the recurrence interval and P is the proba-
bility of the flood event.

For example, at the U.S. Geological Survey (USGS) stream gage on Lytle
Creek near Fontana, CA, the 2-year recurrence-interval flood is estimated
to be a flow of approximately 546 ft3/s based on flow frequency analysis of
the stream-gage record. Equivalently, this discharge is estimated to be
equaled or exceeded once every 2 years or to have a 50% probability of oc-
curring in a given year.

It is important to note that the probability of a given event occurring in a
given year can differ markedly from the observed frequency of that event
over some period of time. For example, a single stream could experience
multiple flood events equal to or greater than the 2-year flood in the same
year, as occurred in water year 2005 at Lytle Creek. Likewise, 2-year flood
events can be separated by 3 or more years, as occurred from 2011 to at
least mid-2014 at Lytle Creek. Thus, a given recurrence interval represents
only a long-term average frequency of an event.

Recurrence intervals can also be determined for precipitation events. Un-
like streamflow recurrence intervals, rainfall recurrence intervals are de-
termined for both the magnitude and the duration of an event. For exam-
ple, precipitation frequency maps (NOAA 2014) show a 50% chance that
5.5 in. of rain will fall over a 24-hour period during any given year at the
Lytle Creek location. This is called the 2-year, 24-hour storm. There is also
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a 50% chance that 1.16 in. of rain will fall in this location over a 1-hour pe-
riod in any given year; and this is called the 2-year, 1-hour storm.

Applications of recurrence intervals

Recurrence intervals are one of the primary ways in which hydrologists,
planners, and engineers characterize precipitation and high-flow events.
Knowing the frequency at which a flood event is likely to occur provides
context for how ordinary or extraordinary a flood event is. Recurrence in-
tervals have also been used to set a common guideline. For example, Fed-
eral Emergency Management Agency (FEMA) Flood Zones are established
based on areas of the 0.2-percent-annual-chance and 1-percent-annual-
chance floods, which are equivalent to the 500- and 100-year flood zone,
respectively.

However, there is no universal flood frequency that defines ordinary in
the context of the OHWM. Previous studies show that the OHWM corre-
spond with a range of recurrence intervals across different rivers or
streams (e.g., Curtis et al. 2011; Mersel and Lichvar 2014). This report
demonstrates two principal reasons why no single recurrence interval can
be used to characterize or delineate the OHWM. First, there can be sub-
stantial uncertainty in determining flow frequencies, as shown in the ex-
amples throughout this document. Second, the size and shape of geo-
morphic features in stream systems (e.g., stream channels, floodplains,
etc.) are a function of not only flow history (the basis of flow frequency
analysis) but also a range of interrelated processes unique to each system,
as demonstrated in greater detail in the following paragraphs.

The 1.5- to 2-year flood has some significance for geomorphologists be-
cause it corresponds roughly with the bankfull discharge in many systems
(Williams 1978). As Williams and others have shown, there is no con-
sistent way that bankfull stage or discharge is determined, but it is perhaps
most commonly defined as the level of the active floodplain or, similarly,
as the top of the channel banks where water just begins to spill onto the
floodplain. Close inspection of Williams’s data shows that only about a
third of rivers exhibit bankfull flows near the 1.5- to 2-year flood range,
while the full range of bankfull discharges among the sites examined range
from 1.01-year to 32-year recurrence-interval floods.

The variability in bankfull discharge recurrence intervals highlights the
highly variable relationship between streamflow recurrence intervals and
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geomorphic features observed in the field. The bankfull channel is the cu-
mulative expression of many natural processes, including varying flow lev-
els, sediment inputs from tributaries and hillslopes, erosion and deposi-
tion on the bed and banks, and other processes that affect channel form
(Knighton 1998). Every river experiences these processes but to varying
degrees. Thus, nearly every river has the broadly similar expression of a
channel, but the degree to which various processes shape or influence a
given channel varies from location to location. Hence, not only does every
river have a different flow history but also, more importantly, the history
of flows is not the only factor that dictates the channel size.

Pertinence to OHWM delineation

The variable relationship between streamflow and geomorphic features is
one of many reasons described in this document why a specific recurrence
interval cannot be used to determine the OHWM. At the same time, recur-
rence intervals can provide some context for the OHWM because they are
the principal way that hydrologists and others describe high flows and get
a sense of how ordinary or extraordinary a particular flow event is. For ex-
ample, physical features corresponding with a 100-year flood event can
typically be ruled out because a flood that is this infrequent and irregular
is well outside of the range of flows reasonably associated with the
OHWM. Likewise, features that occur far below the inundation level of a 1-
year recurrence-interval peak flow can typically be ruled out because flows
that recur this frequently are generally below the range of flows associated
with the OHWM. Thus, recurrence intervals and the models used to obtain
them have pertinence to OHWM delineation, especially in cases where
guantifying the extent of extremely low or extremely high flows can help
rule out untenable OHWM locations.
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3 Stream-Gage Analysis

In essence, stream-gage analysis characterizes past flow events measured
at a gage to determine the probability of future events at the location of the
gage or at a similar nearby location. Stream-gage analysis is a time-hon-
ored method for determining flood flow frequencies. A common approach
is to examine the peak annual floods (the highest instantaneous flow that
occurs each year) measured at a gage for time periods spanning 10 or more
years. This type of data is called a peak annual series. Sometimes partial
duration series are analyzed. A partial duration series contains all flows
above a certain threshold. The threshold is user defined, and it is often set
at the lowest of all the peak annual flows in the period of record. Gage rec-
ords can also be analyzed to determine the frequency of low flows to char-
acterize droughts. This report focuses on peak annual series because it is
the primary method of characterizing high-flow events.

The chief benefit of this technique is that it uses actual measurements of
peak stream flows from relatively long stream-gage records. In addition,
the results can be scaled to locations along the same stream or even ex-
trapolated to other nearby streams, provided the characteristics of the con-
tributing areas are similar. The drainage-area ratio between the gaged and
ungaged sites should be approximately between 0.5 and 1.5. Blakemore et
al. (1994) describe this scaling method in detail. This technique also has
several limitations, including watershed changes, the paucity of gaging sta-
tions, the length of record, the accuracy of peak flow measurements, and
other assumptions of statistical procedures.

A major constraint of gage analysis is the scarcity of gaging stations and
the dismantling of those with long-term records (Lanfear and Hirsh 1999).
It is rare that a site of interest has a nearby gage within the same water-
shed. Using a gage record to characterize flows at nearby locations can be
problematic in areas where the climate, storm patterns, vegetation, and
land use can vary greatly from one location to the next, such as in South-
ern California and in other parts of the Southwest.

Even when a gage is near a site, one must consider possible watershed
changes over time because the statistical procedures of standard gage
analyses assume stationarity. Many gaged watersheds have flow regulation
or urbanization effects that exert a change in the local hydrology. The
probability of a given flow event may change over time in response to these
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external sources of hydrologic variability. Therefore, the contributing ar-
eas of the gage must be scrutinized for these watershed-scale changes to
the hydrologic regime. In addition, climate change may cause systematic
changes in the frequency of flood events; climatic trends are notoriously
difficult to see in hydrologic records (Milly et al. 2008).

The length of gage record is another primary constraint in stream-gage
analysis. Short records may misrepresent the true distribution of stream
flows and lead to increased uncertainty in predictions of flood recurrence
intervals. Section 3.2 will further assess this concept.

Another concern, although of lesser importance, is the accuracy of peak
streamflow measurements. Peak flow data in a stream-gage record can
have errors on the order of 5%—50%, generally with greater uncertainty in
larger floods. Only rarely are the peak annual floods measured directly
with flow meters. More commonly, they are estimated indirectly using hy-
draulic modeling or a rating curve (Rantz 1982; Turnipseed and Sauer
2010). Hydraulic modeling uses surveyed cross-section geometry and high
water marks as inputs to one or more mathematical equations to calculate
peak discharge, but there are several sources of error in hydraulic models
(Gartner et al. 2016a, 2016b). A rating curve relates the stage (the water
level elevation above some datum) in the channel to the discharge based
on field measurements collected at a variety of flow levels. Unfortunately,
high flows often transport sediment and alter channel dimensions over the
course of a storm, thereby altering the stage—discharge relationship of the
rating curve. With the increasing use of acoustic Doppler current profilers
in the last decade, measurements of high flows have become safer, more
precise, and more common, improving the accuracy of gaging records of
high flows (Hirsch and Costa 2004).

The USGS is one of the leading organizations for stream gaging, setting
standards and establishing protocols for high-quality streamflow records.
They currently maintain over 7000 stream gages throughout the United
States, most of which deliver streamflow data in real time (USGS 2014).
The length of gage records ranges from several years to over a century. All
of the USGS stream-gage records are available for free online (http://wa-
terdata.usgs.gov/nwis). Typically, hydrologists consider these records accurate
enough for flood flow frequency analysis, yet even these records have un-
certainty.
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3.1

The statistical analysis of flow records assumes that the gaged floods are
representative of the floods that occur at the site, which has already been
discussed as it relates to length of record, to watershed changes, and to ap-
plying a gage record to a nearby area. A second assumption is that annual
peak discharges are independent, homogeneous, and random (Blakemore
et al. 1994). Regarding homogeneity, mixed populations can occur when
there are two different storm types that contribute to peak flows. For ex-
ample, the frequency of snowmelt flooding may differ from the frequency
of monsoon-induced flooding; but both types of flooding events could oc-
cur in one watershed, as is commonly seen in mountainous regions of the
Southwest. Rather than assess a single frequency that merges these two
populations, it may be preferable to undertake the more difficult task of
separating these two types of events in the flood record and assessing dif-
ferent frequencies for each. Gage analysis also assumes that the peak flows
are a sample of random individual events, such that probability of one
event occurring does not depend on the past. For example, a large flood in
one year should have no bearing on whether or not a large flood occurs the
next year.

Gage analysis methods

Once a gage record of annual peak flows is acquired and determined to
reasonably meet these assumptions, there are two common ways to deter-
mine recurrence intervals (IACWD 1982). For the first method, the recur-
rence interval of any given peak flow can be computed by the Weibull
Equation, T = (n + 1)/m, where T is recurrence interval, n is the number of
years in the record, and m is the rank of the peak flow of interest. This
technique is commonly taught in college classes to introduce the concept
of recurrence intervals, and there are several online tutorials (e.g., Baer
2014).

The second method, a Log-Pearson Type 111 frequency analysis, is slightly
more complicated; but it is the standard professional method for compu-
ting flood flow frequencies. This method applies a statistical distribution
to the peak flow data and computes the associated frequency (i.e., the re-
currence interval) for these events. Figure 3 shows how this statistical dis-
tribution smooths out the observations and allows extrapolation from the
data.
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Figure 3. Gage analysis of Lytle Creek near Fontana, CA, and Ayers Brook near Randolph, VT,
showing observed data (dots), Log-Pearson Type lll curve (red /ine), and confidence limits of
the curve (green dashed lines).
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An excellent tool for Log-Pearson Type I11 and other flood frequency anal-
ysis is the Hydraulic Engineering Center Statistics Software Package
(HEC-SSP), created by and freely available from USACE
(http://www.hec.usace.army.mil/software/hec-ssp/). IACWD (1982) examines in detail

the process of Log-Pearson Type 111 analysis.
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Established protocols to compute confidence limits are a core benefit of a
Log-Pearson Type 111 frequency analysis. Most other types of flow fre-
guency analysis do not have proven means to calculate the standard error
or other measures of uncertainty in the result. HEC-SSP allows users to
define which confidence limits the program will compute.

Testing and examining gage analysis results

To test the consistency of results between different methods of flow fre-
guency analysis, this study examined Lytle Creek near Fontana, CA (USGS
Gage 11062000), and Ayers Brook in Randolph, VT (USGS Gage
01142500), which represent semi-arid and humid environments, respec-
tively. These watersheds are similar in size (47.1 and 30.5 square miles for
Lytle and Ayers, respectively). Both watersheds are mostly undeveloped,
but there is a small diversion and run-of-river hydroelectric power plant
on Lytle Creek about 7 miles upstream of the gage.

Figure 3 shows a HEC-SSP gage analysis of Lytle Creek and Ayers Brook.
The blue dots show the observed data based on the Weibull Equation, and
the red line shows the Log-Pearson Type 111 curve (or trend line) fitted to
these data. The green lines show the confidence limits. Note the much-
greater variability in observed peak flows in the arid environment of Lytle
Creek (about 200—-11,000 ft3/s) versus the humid environment of Ayers
Brook (about 140—3900 ft3/5s).

Table 1 compares selected Lytle Creek and Ayers Brook recurrence inter-
vals computed using the Weibull Equation and a Log-Pearson Type I11 dis-
tribution and results from StreamStats (a regression-based approach to
streamflow analysis discussed in the next section). Among these three
methods, the computed peak flows are within the same order of magnitude
for a given recurrence interval but can differ by up to 25%. The data show
clear evidence that the three methods of flow frequency analysis yield sim-
ilar but not exactly the same results—a theme that this paper continually
develops.
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Table 1. A comparison of gage analyses and StreamStats regression equation for Lytle Creek
and Ayers Brook at USGS gages.

Log-Pearson Type Il Using
Log-Pearson Type lll Using 15-Year Window,
Entire Record, 1920- Randomly Selected,
2012 1938-1959

Flow 90% Prediction 90% Prediction

Recurrence Weibull Curve Interval Curve Interval Stream
Interval Distribution | Value Low High Value Low High Stats

Lytle Creek near Fontana, CA, USGS gage 11062000
2-year 500 546 441 674 478 | 273 816 805
5-year 1830 1950 | 1545| 2527 2044 1174| 4159| 3359
10-year 5300 3974 | 3033| 5426| 4939| 2604 | 12221| 7394
25-year 9120 8798 | 6365| 12,890 13,944 | 6372 | 45,297 | 16,404
Ayers Brook, Randolph, VT, USGS gage 01142500
2-year 731 731 678 787 775| 651 919 952
5-year 1070 1152 1063 1260 1206 | 1011 1516 1410
10-year 1555 1520 | 1382 1698 | 1545| 1263 | 2051| 1750
25-year 2600 2108 | 1873 | 2426| 2035| 1604 | 2902| 2250

Note: All flow values are in units of ft3/s.

For the gage analysis, the differences between recurrence-interval esti-
mates are distinct enough in magnitude such that the 90% prediction in-
tervals do not overlap between the displayed recurrence intervals. That is,
the potential range of flows for any given recurrence interval (the predic-
tion interval) is mutually exclusive from every other recurrence interval.
Prediction intervals indicate the probability that the true flow is within the
given bounds of the flow (i.e., the 90% prediction interval for a flow esti-
mate indicates there is a 90% chance that the true flow will be between the

given flow values) (Ries 2007).

For example, at Lytle Creek, a flow of 1600 ft3/s is within the range of the
predicted 5-year flow and is above the range of the predicted 2-year flow,
regardless of which type of gage analysis is used. This allows one to con-
clude with a degree of certainty what the recurrence interval of a given
flow could be and, perhaps more important, what it could not be.

On the other hand, these data show that one cannot definitively determine
the discharge of a specific recurrence interval, especially in arid systems.
At Lytle Creek, the computed 90% prediction interval of the 10-year flow is
between 3033 and 5426 ft3/s, but it could be anywhere within that interval
or (less likely) beyond. Among the gaging records in the southwestern
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United States, the Lytle Creek gage provides a relatively narrow 90% pre-
diction interval because of the long length of record. Even still, the high
value is nearly double the low value. In comparison, the range of the 90%
prediction intervals for Ayers Brook is from 1382 to 1698 ft3/s for the 10-
year flow, indicating that the lower variability of flood flows in humid re-
gions leads to narrower prediction intervals than in semi-arid regions.

The time period of analysis can also be an important factor in flow fre-
guency analysis, especially for extremely high flows and to a lesser extent
for moderate flows. Ten years of record is considered a minimum for flood
flow frequency analysis (IACWD 1982); but longer records, on the order of
30 to 50-plus years, are preferable. Long records are more important in
arid than in humid areas because of the higher variability in peak flows in
arid regions. As the number of long-record stream gages declines in the
United States, it is becoming increasingly difficult to find long-term flow
records near a site of interest. Fortunately, data from decommissioned
USGS gages can still be accessed online.

To test the effect of the length of the gaging record on flood flow frequency
results, compare a Log-Pearson Type |11 analysis of the entire flow record
(1920—-2012) for Lytle Creek with a randomly selected 15-year window of
the flow record (1938—1959). Table 1 summarizes the results, and Figure 4
shows them graphically.

Figure 4. A comparison of long and short records for flow frequency analysis of Lytle Creek
near Fontana, CA.
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For each time period, the resulting flow values are the same order of mag-
nitude for each recurrence interval. For example, the 10-year flow is ap-
proximately 4000 ft3/s using the entire record and about 5000 ft3/s using



ERDC/CRREL TR-16-2 15

3.3

the randomly-selected 15-year window. However, there is much greater
uncertainty when using the 15-year window—so much that there is overlap
between the 90% prediction intervals of the 5-year and 10-year flows and
the 10-year and 25-year flows. Large uncertainties arise with the 25-year
event because it is inherently difficult to extrapolate a 25-year flow event
from 15 years of recorded flow.

These data show the great importance of long records in high-variability
systems compared to lower-variability systems (Table 1). For example, the
10-year recurrence-interval flow using 15 years of record has a 90% confi-
dence interval of about 1250—2050 ft3/s at Ayers Brook. At Lytle Creek,
this span is about 2600—12,200 ft3/s, an order of magnitude difference.
This greater uncertainty is due in part to the episodic nature of EI Nifio
and La Nifia cycles and to the generally higher variability in flows in drier
regions.

Pertinence to the OHWM

In sum, these data show that even when directly measured in situ, stream-
flow data are subject to substantial uncertainty, thus limiting the utility of
hydrologic data for OHWM delineation purposes. This variability empha-
sizes why one cannot simply pick a recurrence interval, model the width of
that flow in a channel, and call this result the OHWM. Even if it were pos-
sible to name a specific recurrence interval to represent the OHWM, it
would not be possible to determine the exact corresponding flow value.
There is substantial uncertainty inherent in gage analysis and in all other
types of flow frequency analysis.

However, even order-of-magnitude accuracy in flow frequency analyses of
gage records may help to narrow down the OHWM location or to rule out
potential OHWM locations in certain circumstances, as Section 6 discusses
in greater detail. Apart from determining recurrence intervals, gage analy-
sis in the region of a site of interest can give a sense of the timing of flood-
ing events at the site. This historical information can also help with inter-
preting the physical conditions at a site.
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Regression Equations

Regional regression analysis compiles gage records from multiple water-
sheds to determine the physiographic characteristics (e.g., watershed size,
precipitation, and land cover) that best predict the magnitudes of various
recurrence intervals of peak flows. The watershed and climatic characteris-
tics are predictor variables of flood return periods. The derived regression
equations can then be used to predict streamflow recurrence intervals at
similar locations, gaged or ungaged.

Advantages, limitations, and examples

Because they use many data points (i.e., multiple years of flood events
from multiple locations), regression equations may reduce the errors and
uncertainties of a single gage record (Kirby and Moss 1987). These equa-
tions may outperform standard gage-record analysis even at the site of a
gage—a situation more likely in the Southwest region where flood flow var-
iability is high and gage records may be short (Blakemore et al. 1994). At
gaged sites, the best estimates of flood frequency are weighted estimates,
which combine gage data with regression equation results, described in
detail in Blakemore et al. (1994, 13).

The main limitations of regression equations are the following:

e They rely on the assumption that the location of interest has similar
watershed characteristics as the gages that were used to determine the
regression equations—an assumption that can be violated in the case of
flow regulation or urbanization.

e Not all areas of the United States have well-established and verified re-
gression equations.

¢ The uncertainties from gage analyses are partially transferred by the
regression equations to the recurrence-interval estimates.

As part of the National Streamflow Statistics (NSS) program, the USGS
has developed and published regional regression equations for every state
in the United States, for the Commonwealth of Puerto Rico, and for many
U.S. metropolitan areas (Ries 2007). The regression equations often take
this form:

Q, = aXxbycz4,
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where Qx represents the x-year flood flow (the dependent variable); X, Y,
and Z are watershed or climatic characteristics used as independent varia-
bles; and a, b, ¢, and d are regression coefficients. The number of charac-
teristics in the equations varies from region to region. Likewise, the values
of the regression coefficients vary between regions. Commonly, the NSS
program has developed separate equations for rural and urban areas.

For example, one equation from Blakemore et al. (1994), derived for the
eastern Sierra (Region 5 of the Southwest), states that the 5-year recur-
rence-interval discharge is a function of the drainage area, elevation, and
latitude of the contributing watershed:

Qs = 2.42 (AREA)®823 (ELEV/1,000)1°1 [(LAT — 28)/10)]*1.

Another example, derived for northeastern Arizona, states that 5-year re-
currence-interval discharge is a function of the drainage area and evapora-
tion:

Qs = 0.10 (AREA)®52 EVAP?°,

As evident in the above examples, these empirical equations do not fully
reflect underlying physical processes. Note that the units are not con-
sistent from one side of the equation to the other. These equations simply
reflect that drainage area and other independent variables are good pre-
dictors of the magnitude of the 5-year flood in a given region. Drainage
area is typically one of the independent variables; but the exponents, cor-
rection factors, and other variables, if any, are site specific and geograph-
ically limited. Other variables may be significant only as proxies of other
characteristics; for example, elevation and latitude are indices of the type
and amount of precipitation. Clearly, a regression equation for Vermont
would not work in southern California. Moreover, a regression equation
for a location in southern California may be applicable if the watershed
were rural but might not be justifiable if the watershed were even 5% ur-
banized. Nationwide regression equations for urban areas have been de-
veloped by Sauer et al. (1983) and reviewed by Gotvald et al. (2012).

It is important to note that while regression equations are useful for esti-
mating streamflow recurrence intervals, especially at ungaged locations,
they do not indicate the actual history at a site. For instance, a regression
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equation can provide an informed estimate of the 5-year flood, but it can-
not provide the location, timing, or magnitude of the last 5-year flood
event as can a stream gage. A gage or set of gages near the location of in-
terest might elucidate the recent history of high flows. Often the gage rec-
ords near a site of interest can provide rudimentary information on the
last wet and dry periods and likely times of very high-flow events even if
the regression equations provide a more robust estimate of the flood re-
currence intervals. Hence, stream gages and regression equations are com-
plementary tools for streamflow analysis.

StreamStats

Over the last decade, the USGS has created and augmented StreamStats,
which makes recurrence intervals computed by regional regression equa-
tions from NSS easily accessible throughout much of the United States
(Ries et al. 2008). This online, GIS- (geographic information system) ena-
bled program allows users to pinpoint a location of interest. On request,
the program will automatically extract geographic information, access a
regression equation for that location, and produce a site-specific table of
recurrence intervals. Other data are easily extracted from the StreamStats
program, such as the drainage area, a GIS shapefile of the watershed, and
an elevation profile along a flow path. These data can be useful when ex-
amining the conditions upstream of a point of interest and when deter-
mining if StreamStats is applicable to the site. StreamStats is unavailable
in some states because of funding constraints—implementation requires
cooperative funding between the USGS and one or more federal, state, or
local agencies. The web interface is located at http://water.usgs.gov/osw/stream-
stats/. The program is optimized for use with Microsoft Internet Explorer
versions 5 and above; it does not perform as well with other browsers such
as Mozilla or Google Chrome.

The ease of use of the StreamStats program makes it an efficient tool for
flow frequency analysis, but the applicability and limitations must be un-
derstood to use it effectively. Each state with StreamStats has a publication
that documents the regression equations and how they were derived. Typi-
cally, the gages, which are the foundation of the regression equations, are
in moderate-sized watersheds with minimal disturbances from flow regu-
lation, urbanization, and other impacts. Thus, the StreamStats program
works best for locations in similar moderate-sized watersheds with mini-
mal development and without flow-regulating dams or large diversions.
Sometimes StreamStats can be used in impacted watersheds to estimate
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what the natural flow recurrence intervals would have been in the absence
of the impacts. However, in all watersheds, whether impacted or not,
OHWM delineations should be based on current landscape and stream-
flow conditions at a given site, even if existing impacts make the flood
flows higher or lower than they would have been otherwise.

StreamStats users must be careful to understand the conditions in the area
of the point of interest. This can be time-consuming as there is no single
location that lists all the impacts for every watershed in the United States.
Aerial imagery analysis can offer an initial glimpse of watershed condi-
tions, but many impacts may be difficult to observe. In a way, the ease of
StreamStats presents a problem. The flow recurrence intervals are so eas-
ily and quickly obtained that users may be tempted to skip the due dili-
gence required to understand the watershed conditions upstream of the
point of interest and to determine how applicable the StreamStats regres-
sion equations are to the site.

StreamStats does not automatically generate all of the equations or infor-
mation in the NSS program. Most important for OHWM delineation,
StreamStats does not access the urban area regression equations and
sometimes does not use the most up-to-date rural regression equations be-
cause of funding issues. Even if StreamStats does not use the appropriate
regression equation, users can still access the drainage area, elevation, and
other physiographic information that is automatically obtained and re-
ported in StreamStats. These parameters can be input into the appropriate
regression equations from the NSS program, if available. This procedure
requires more user effort, but the results will be more defensible than us-
ing simply the automated recurrence-interval results.

In addition, StreamStats often does not compute the prediction confidence
intervals; and, as demonstrated throughout this document, the uncertainty
of recurrence-interval predications is a core issue in their use for OHWM.
For some states, the StreamStats documentation shows equations for com-
puting the prediction confidence intervals, even if the prediction confi-
dence intervals are not generated automatically in the StreamStats pro-
gram.

Testing StreamStats

This section tests how well StreamStats compares with gage analysis at
nine sites representing the dry southwestern United States and the wet
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northeastern United States. Most of these nine gages are deemed “refer-
ence” gages by the USGS in the GAGES Il program, which has selected
stream gages with long records across the United States in some of the
least-disturbed watersheds in their respective regions. Table 2 summarizes
the site names, USGS gage numbers, and lengths of gage records in years.
Figure 5 shows the stream-gage locations. For the gage analysis, this study
computed peak annual flood recurrence intervals by using Log-Pearson
Type 111 distribution in HEC-SSP. For StreamStats results, the table re-
ports the 90% confidence limits for only the Northeast gages because the
StreamStats website does not report confidence limits for the drier, highly
variable locations. The regression estimates for California were derived by
first obtaining the watershed characteristics from the StreamStats pro-
gram and then entering these values into updated regression equations
(Gotvald et al. 2012).

Figure 5. Locations of gages used in this study for comparing
StreamStats with the gage analysis in arid and humid environments.

E=ri, HERE, Delorme, Mapmylndia, @ OpenStreetilap
contributers, 8nd theGl5 user community

Table 2 compares the StreamStats results with the gage analysis results. It
is difficult to determine which method produces more accurate results as
the true recurrence intervals are not known. Given these data, the best ap-
proach at any single site may be to combine the gage analysis with the re-
gression equation results as described in Gotvald et al. (2012) and Blake-
more et al. (1994). However, here, the results are separate to compare
methods.
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Table 2. Comparison of StreamStats and gage analysis in arid and humid environments.

Log-Pearson Type I StreamStats
USGS 90% Confidence 90% Confidence | StreamStats
Gage | Years of | Recurrence | Predicted Limit Predicted Limit within Gage
Location Number | Record | Interval flow Low High flow Low High 90%?
Cristianitos Creek |11046360 |21 2-year 218 125 381 309 yes
above San Mateo S-year 1133 630 2345 1124 yes
Creek near San 10-year 2692 1389| 6469 2020 yes
Clemente, CA 25-year 6794 3152| 19,649 3480 yes
50-year 12,374 5312| 40,716 4840 no
100-year 21,242 8467 | 78,840 6368 no
Lytle Creek near |11062000 |78 2-year 546 441 674 805 no
Fontana, CA 5-year 1950 1545 2527 3359 no
10-year 3974 3033| 5426 7394 no
25-year 8798 6365| 12,890 16,404 no
50-year 14,996| 10,422| 23,134 26,582 no
100-year 24,552 16,409| 39,809 39,548 yes
Mission Creek 10257600 (44 2-year 29 18 45 90 no
near Desert Hot S-year 204 125 357 457 no
Springs, CA 10-year 565 325| 1101 1074 yes
25-year 1673 879| 3720 2679 yes
50-year 3372 1658| 8221 9524 no
100-year 6331 2926| 16,818 24,933 no
Mammoth Creek |10173450 |49 2-year 413 377 452 345 no
above West Hatch 5-year 618 560 692 828 no
Ditch near Hatch, 10-year 758 678 866 1290 no
ut 25-year 938 825 1098 2050 no
50-year 1074 934 1278 2740 no
100-year 1211 1041| 1464 3560 no
La Plata River 09367500 |52 2-year 873 728| 1050 1470 no
near Farmington, S-year 2030 1660| 2549 2350 yes
NM 10-year 2998 2398| 3892 3380 yes
25-year 4381 3413| 5902 5150 yes
50-year 5490 4202| 7575 6630 yes
100-year 6641 5005 9356 8550 yes
Vallecito Creek 09352900 |51 2-year 1126 1041 1214 458 no
near Bayfield, CO 5-year 1662 1535 1818 800 no
10-year 2175 1976| 2438 1080 no
25-year 3054 2696| 3563 1530 no
50-year 3918 3378| 4723 1850 no
100-year 5006 4209| 6237 2200 no
Ayers Brook, 75 2-year 731 678 787 952 498 1820|no
Randolph, VT S-year 1152 1063 1260 1410 748| 2670|no
10-year 1520 1382| 1698 1750 921| 3340|no
25-year 2108 1873| 2426 2250 1180| 4320|yes
50-year 2650 2312 3121 2260 1370| 5160|no
100-year 3295 2823 3971 3080 1550| 6130|yes
Ammonoosuc 45 2-year 10,581 9699 11,529 8720 5350 14,200|no
River, Bath, NH 5-year 15,716| 14,317| 17,492 12,200 7420 20,200 |no
10-year 19,676| 17,663| 22,415 15,000 8910| 25,100 |no
25-year 25,355| 22,271| 29,806 18,300| 10,500 31,800 |no
50-year 30,101| 26,006| 36,213 20,900 11,700| 37,400|no
100-year 35,311| 30,013| 43,441 24,000( 13,000| 44,400|no
Oyster River, 79 2-year 304 281 329 257 158 418|no
Durham, NH S-year 487 447 536 420 254 692 |no
10-year 630 570 707 555 330 933|no
25-year 837 743 962 737 424| 1280|no
50-year 1010 885| 1183 887 496| 1590|yes
100-year 1201 1037| 1430 1070 578| 1980 |yes

Notes: All flow values in units of ft3/s.
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The same themes established in the section on gage analysis hold true in
this comparison. First, computed recurrence intervals should be consid-
ered rough estimates. Different methods often produce results that are sig-
nificantly different but that are typically within the same order of magni-
tude. In this comparison, the StreamStats estimates are outside of the 90%
confidence intervals of the gage analysis in about a third of the estimates.
However, StreamStats results have a broader prediction interval, indicat-
ing greater uncertainty. As a result, the gage analysis estimates are within
the 90% confidence limits of StreamStats in all of the cases where the con-
fidence intervals are available.

The second theme, consistent with gage analysis, is that the moderate
flows are typically significantly lower than the extreme flows. At all sites,
the 2- to 10-year recurrence-interval floods are significantly lower than the
50- to 100-year floods. In other words, the maximum value for the 10-year
flood is lower than the minimum value of the 50-year flood. Even in arid
landscapes where the highly variable flows increase uncertainty in flow
frequency analysis, this difference between moderate and extreme flood
events is apparent.

In sum, StreamStats is an excellent resource for hydrologists and others
interested in flood recurrence intervals.

Pertinence to OHWM

Regression equations, because of their defensible recurrence-interval esti-
mates combined with their ease of use, especially through the StreamStats
program, are an efficient tool for flow frequency analysis for OHWM pur-
poses. Although the equations can be easy to use, one must take great care
to verify that the regression equations are applicable to the site at hand.
This method is best suited for watersheds that have characteristics within
the range of characteristics of the watersheds from which the regression
equations were derived. Typically, the equations used in StreamStats are
derived from moderate-sized watershed without urbanization, flow regula-
tion, or flow diversions. In sites with these impacts, the basin characteris-
tics derived from StreamStats can be input into suitable regression equa-
tions, especially for urbanized watersheds (Sauer et al. 1983), or used as
some of the inputs into rainfall-runoff models. The following are the pri-
mary limitations to the StreamStats regression equations:
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e They are region-specific.

e They predict flow frequencies for only undisturbed watersheds.

e Being empirical relations, they cannot be easily adjusted to account for
physical changes in the watershed.

In altered watersheds, regression equations give a sense of flood recur-
rence intervals prior to the impacts. However, OHWM delineations should
be based on current landscape and streamflow conditions at a given site
(Lichvar and McColley 2008; Mersel and Lichvar 2014), even if existing
impacts make the flood flows higher or lower than they would be other-
wise.
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Rainfall-Runoff Models

Whereas gage analysis and regression models are limited to a specific site
or region, rainfall-runoff hydrologic models can be applied to essentially
any location, regardless of watershed size or conditions. These models
simulate the amount of runoff (a term that is equivalent to discharge or
flow) for a single rainfall event or continuously for a series of rain events.
This section examines and tests how rainfall-runoff models can help to de-
termine flood flow frequencies and begins by defining the different types
of rainfall-runoff models. Next, it assesses the basic assumptions of the
rainfall-runoff relationship and finishes by testing the Rational Method,
one of the most commonly used hydrologic models for small watersheds.
Through this section, it becomes evident that there are some situations
where flow recurrence intervals derived from hydrologic modeling could
assist in OHWM delineation; but usually the effort and uncertainty associ-
ated with these flow recurrence estimates outweigh the benefits for
OHWM delineation. Typically, regression equations and, to a lesser extent,
gage analysis are preferred options to determine flow recurrence intervals
for OHWM purposes.

Rainfall-runoff modeling background

As described in the introduction, models take known or estimated inputs
and relate them to unknown outputs. In the case of rainfall-runoff models,
the typical inputs are precipitation and basin characteristics, such as rain-
fall intensity, drainage area, and infiltration rates. The outputs are often
peak discharge (in units of flow volume per time) or a flow hydrograph,
which shows discharge over time.

In the context of rainfall-runoff modeling, the there is a distinction be-
tween small, midsize, and large watersheds, and the terms small, midsize,
and large are based on the variations in the dominant processes that
should be modeled (Ponce 1989). In small watersheds, runoff travels pri-
marily by overland flow and spends a relatively short period of time as
flow within the stream channel. In midsize watersheds, runoff travels
more equivalently as overland flow and channel flow. In large watersheds,
most of the runoff travel time is spent in the channel. It can take several
hours or days for water to travel from the headwaters to the basin outlet
and to fill all the backwater areas along the way. In these large watersheds,
the routing and storage of water in the channel must be modeled carefully,
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while in small watersheds, these channel processes are often not modeled
explicitly. In small watersheds, rainfall intensity does not change over the
duration of a storm because the time of concentration (which is the time
required to achieve peak flow) is short relative to the storm duration. In
midsize and large watersheds, however, rainfall intensity can change over
the duration of the storm because it takes longer to reach the peak flow.

Different models are better suited for different watershed sizes (Ponce
1989; Maidment 1993; Rawls et al. 1996). For small watersheds (under
200 acres), the Rational Method is typically the model of choice. For
midsize watersheds, the Soil Conservation Service (SCS) runoff curve
number method combined with the Unit Hydrograph approach is widely
used. For large watersheds, the Hydrologic Engineering Center Hydrologic
Modeling System (HEC-HMS) model by USACE is widely used. HEC-HMS
incorporates channel routing models that simulate the varying times it
takes for water to move through a network of channels (Scharffenberg
2013). As watersheds get larger, the routing of water becomes more im-
portant.

There are two primary ways to use rainfall-runoff models to estimate flood
flow frequencies (Feldman 1979). One approach, the “single-storm”
method, assumes that the recurrence interval of a given rain event pro-
duces a flood with the same recurrence interval (e.g., that the 2-year storm
produces the 2-year streamflow event). By modeling several design storms
across a range of recurrence intervals, the flood flow recurrence intervals
can be estimated. A second approach, the “continuous” method, uses a
long record of precipitation, either measured at a nearby station or synthe-
sized, and models the flood flows that would have occurred during this
time period. These models can account for changes in basin characteristics
due to previous storms. After simulating a long record, the series of annual
peak floods are then analyzed for flow frequency by using techniques such
as the Log-Pearson Type 111 analysis described earlier.

This study focuses on single-storm rainfall-runoff modeling in small wa-
tersheds and tests how applicable it is to OHWM delineations. Each model
and modeling approach has advantages and disadvantages. For medium
and large watershed models and for the continuous modeling methods, the
simulations can be more complicated, difficult to run, and more challeng-
ing to review than models of small watersheds. The added complications
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do not necessarily improve the predictions of recurrence intervals. For me-
dium and large watersheds, regression equation and gage analysis are typ-
ically the preferred flow frequency analysis because they are more straight-
forward and still produce defensible results for OHWM purposes.

Testing the rainfall-runoff assumption

An important limitation in the single-storm approach is the assumption
that rainfall of a given recurrence interval produces a flood of the same re-
currence interval. Commonly, there is a roughly 1:1 trend between the fre-
guencies of a precipitation event and the associated flood event; but this
relationship is not perfect for many reasons, including

e variable precipitation across the watershed,;

e antecedent moisture;

e storm duration versus watershed size; and

e other drivers or controls on flood flows, such as snowmelt or dams.

To elaborate, first, precipitation is seldom uniform across an entire water-
shed, especially as watershed size increases. One portion of a watershed
may be experiencing a 5-year, 1-hour precipitation event, but another por-
tion could experience a wholly different event.

Second, the antecedent moisture in a watershed from prior rain events can
greatly affect the runoff amount. Moist soil has different infiltration rates
and connectivity to groundwater than dry soil (Rawls et al. 1996; Renshaw
et al. 2003). If there are two or more rain events in close succession, the
early storms make it more likely that the following storms will lead to large
floods because the soil is already moist. Antecedent moisture has dimin-
ished importance in urbanized watersheds because the infiltration rates
are always high in impervious areas regardless of prior rain events.

Third, the duration of the storm versus the size of the watershed can be an
important factor in the runoff amount. For example, a 5-year storm of 1-
hour duration will have a greater effect on peak flow in a 1-square-mile
watershed than in a 100-square-mile watershed. In the smaller watershed,
1 hour may be plenty of time to reach peak flow. In the larger watershed, it
might take many hours to reach peak flow, at which point the 1-hour storm
has already passed.
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Fourth, there may be drivers on flood flows other than precipitation.
Snowmelt or rain-on-snow events can cause larger floods than a simple
rain event. Also, dam retention, diversions, and other flow manipulations
may result in smaller floods than expected for a rain event.

Figure 6 illustrates the point that there is an approximate, but certainly
not exact, 1:1 relationship between precipitation recurrence intervals and
flow recurrence intervals. The flow recurrence intervals were determined
using a Log-Pearson Type I11 analysis of the peak annual flows at the Mink
Brook, Hanover, NH, stream gage maintained formerly by the USGS
(#01141800) and currently by Dartmouth College. Precipitation recur-
rence intervals were determined for each annual peak flow by using an Ex-
treme Value Type | analysis of precipitation measured in this watershed at
the Shattuck observatory, maintained by Dartmouth College. Only daily
precipitation totals are available. Because the precipitation events often
span two calendar days, the precipitation amounts used in the analysis are
the sum of the rainfall on the day of the peak discharge plus the previous
day. This relationship is tightest in the vicinity of the moderate to high
precipitation events. For some of the smaller storms, there is high scatter
in the resulting discharge, in part because snowmelt can cause annual
peak flows on warm days with little to no precipitation. High flows with a
likely snowmelt component are circled. For these events, the amount of
precipitation is not a reliable predictor of the amount of flow.

Figure 6. Recurrence intervals of precipitation and peak annual discharge at Mink
Brook, Hanover, NH.
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From the scatter in these data and the lack of a clear 1:1 relationship, it is
evident that flow frequencies derived from rainfall-runoff modeling cannot
be used to definitively determine OHWM.

This scatter in the relationship between rainfall and runoff is also evident
in drier landscapes. Returning to Lytle Creek near Fontana, CA, Figure 7
shows the total rainfall over a 48-hour period for each of the peak annual
flows measured at the USGS gage. Rainfall was recorded in Fontana and
accessed through the Global Historical Climatology Network (National Cli-
matic Data Center 2014). As with the Mink Brook data, only daily total
precipitation is available at this site, and precipitation events often span
two calendar dates. Thus, the precipitation amounts used in the analysis
are the sum of the rainfall on the day of the peak discharge plus the previ-
ous day. These data show the actual values rather than converting them to
recurrence intervals to avoid any assumptions in the frequency analyses.
Similar to the Mink Brook data, there is not a clear, singular relationship
between rainfall and runoff. For example, a storm that produces about 4
in. of rain can result in peak flows ranging from approximately 100 to
9000 ft3/s in Lytle Creek.

Figure 7. Rainfall-runoff relationship at Lytle Creek near Fontana, CA.
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The issues with the variable rainfall-runoff relationship can be reduced by
continuous modeling as opposed to the single-storm approach. In continu-
ous modeling, many storm events are simulated over several years by us-
ing an actual or synthetic rainfall record. This type of hydrologic modeling
can simulate changes in soil moisture; and by accounting for antecedent
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moisture, the model includes some of the variables in the rainfall-runoff
relationship.

In some cases, continuous modeling may be preferable over the single-
storm approach; but continuous modeling also has limitations, primarily
that it is more complicated and costly. If the hydrologic model simulates
soil moisture changes over time when computing runoff, the issues with
antecedent moisture can be reduced. Yet other difficulties arise in the soil
moisture accounting over time.

Indeed, a general truth about modeling is that many of the assumptions of
simple models can be reduced by using more complicated models. How-
ever, reducing the number of assumptions and adding complexity to the
model does not necessarily reduce uncertainty in the flow frequency simu-
lations. Furthermore, added complexity adds costs and makes models
harder to understand and to review. Here, a more complicated model is
not necessarily a better model.

Testing the Rational Method

This sections tests the performance of the Rational Method in predicting
flow recurrence intervals because the Rational Method is a preferred, rela-
tively simple, and widely used model for small watersheds and because it
illustrates how simplifications and assumptions can limit a model’s ap-
plicability. Several textbooks, online tutorials, and county hydrology man-
uals show how to use the Rational Method in detail. For example, the Hy-
drology Manual produced by the Los Angeles County Department of
Public Works (2006) provides thorough documentation. Rather than re-
produce these comprehensive instructions, below is an overview of the
method.

The Rational Method is an empirical model that computes a peak dis-
charge for a small watershed (typically less than 200 acres). It does not
produce flow hydrographs (simulating how flow changes over time) nor
can it be used to route storm water through a stream network. It simply
computes the peak discharge for a given rain event in a given watershed by
using the following equation:

Q = CIA,
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where

Q = the peak discharge in units of volume of flow per time,
C = the runoff coefficient (non-dimensional),
I = the intensity of rainfall in units of length per time (e.g.,
inches/hour), and
A = the watershed area.

The runoff coefficient is a metric of how much of the rainfall will run off
versus how much will infiltrate or otherwise be lost. Pavement and roofs
have higher C values than forest and grassland. In watersheds with several
cover types, a composite value for C can be based on the area-weighted av-
erage of each cover type.

The Rational Method simplifies several aspects of a watershed’s hydrology,
yet it produces valid results in certain applications. The underlying con-
cept is that, in a rain event, some precipitation is runoff and some is lost to
infiltration, interception, depression storage, and evaporation. At the out-
let of the small watershed, runoff will increase until a time when all points
within the watershed are contributing flow. This amount of time is Tc. A
storm must maintain the given intensity for at least as long as the time of
concentration. There are several ways to compute Tc, which are outlined in
hydrology textbooks and manuals (e.g., Maidment 1993).

These simplifications and assumptions make the model easy to use but
limit its applications. The invariance of C and | does not allow infiltration
rates or rainfall intensity rates to change over time. However, it is well
known that these change over the course of a storm; and antecedent soil
moisture from previous storms can affect infiltration greatly. Typical list-
ings for C in manuals and elsewhere do not account for antecedent mois-
ture. In addition, the Rational Method does not work for large watersheds,
where the flood routing and travel times of storm water are important. For
example, in a large watershed, the runoff from distant locations may take
longer than the storm duration to reach the point of interest; and the peak
flow may occur hours after the rain has abated.

In this test of the Rational Method, the study investigates a 140-acre sub-
basin along Sheep Creek, a small tributary of Lytle Creek near Fontana,
CA, and compares results from the Rational Method, StreamStats, and the
gage analysis. The subbasin outlet is located at latitude 34.2676, longitude
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—117.4989. This subbasin has a mixture of shrub, grass, and a dirt road for
land cover (no urbanization); high runoff soils (hydrologic group D); and
steep slopes (averaging 20%). This physiography yields a characteristic C
value of about 0.4, and C could range from a low estimate of 0.34 to a high
estimate of 0.05 (Maidment 1993). The range exists because different
sources report different C values for a given physiography, and some ta-
bles show a range of C values. The time of concentration, T, is calculated
as about 30 minutes; thus the calculations use the precipitation intensi-
ties, I, for the 30-minute duration storms of varying recurrence intervals.
The precipitation intensities also have a range of possible values, for exam-
ple, the 2-year, 30-minute rainfall intensity of 1.02, with a low estimate of
0.85 and a high estimate of 1.25 (NOAA 2014). Table 3 shows the inputs
and results of the Rational Method computations at this site and compares
the results with the flow recurrence intervals determined from Stream-
Stats and a nearby USGS gage; values are shown with the range of low to
high estimates for the inputs and the results.

Table 3. Rational Method inputs and results for Sheep Creek subbasin near Fontana, CA.

Rational Method |Stream-

/ A Peak Runoff Stats Gage, Prorated

Recurrence c (in./hr) (acres) (ft3/s) (ft3/s) (ft3/s)
Interval | value | low | | high |value| low high | value |value|low| | high | value |value|low| | high
2-year 0.4 |0.35|-| 05 | 1.02 | 0.85 |-| 1.25 140 57 | 42 |-| 88 16 2 2 [-| 3
5-year 04 |035|-| 05 | 1.37 | 1.13 |-| 1.67 140 77 | 55 [-| 117 46 9 7 (-] 11
10-year 04 |0.35|-| 05 | 1.66 | 1.36 |-| 2.04 140 93 | 67 |-| 143 75 18 |14 |-| 25
25-year 04 |035|-| 05 | 206 | 1.63 |-| 2.63 140 115 | 80 |-| 184 118 40 | 29 |-| 58
50-year 04 |035|-| 05 | 238 | 1.85 |-| 3.10 140 133 | 91 |-| 217 154 68 | 47 |-| 105
100-year 04 |035|-| 05 | 272 | 2.06 |-| 3.63 140 152 [101|-| 254 190 111 | 74 |-| 181

There is no set method for determining the uncertainty of the Rational
Method results at this location, such as calculating the 90% confidence in-
tervals or the standard deviation of the hydrologic modeling results.
Ground truthing is also not feasible in the absence of long-term gaging
records. Recent research has proposed techniques for confidence limits of
rainfall-runoff models, but that research is limited to more complicated
continuous storm modeling (e.g., Jones and Kay 2007). In the Sheep

Creek test watershed, the high estimate is based on the highest reasonable
value of C (0.5) and the upper limit of the published rainfall intensities
(NOAA 2014). The low estimate is based on the lowest reasonable value of
C (0.35) and the lower limit of published rainfall intensities.
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Table 3 also compares the estimates for flood recurrence intervals by using
the Rational Method, StreamStats, and a prorated gage analysis. The
StreamStats regression estimates were derived by first obtaining the wa-
tershed characteristics from the StreamStats program and then entering
these values into updated regression equations (Gotvald et al. 2012). The
prorated gage analysis values for the Sheep Creek subbasin use a Log-
Pearson Type Il analysis of the downstream Lytle Creek gage (USGS
#11062000). The Lytle Creek values are prorated by the watershed-area
ratio of Lytle Creek (46.3 square miles) to the Sheep Creek site (140 acres).

As illustrated in Figure 8, the methods do not agree exactly. There is un-
certainty in each method, and no method can be considered the truth—
each is an estimate, some better than others. However, there is general
agreement between the Rational Method and StreamStats in the range
greater than about 5-year recurrence-interval flows. Furthermore, the sub-
basin characteristics are within the suggested range for the StreamStats
regression equations, giving credence to the StreamStats estimates.

Figure 8. Comparison of the Rational Method with StreamStats and a prorated gage
analysis at Sheep Creek near Fontana, CA.
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There is little confidence in extrapolating the gage analysis to the smaller
Sheep Creek subbasin instills. Even though Sheep Creek is a tributary only
5 miles from the gage, the gaged watershed is much larger, extending 14
miles up to the San Bernardino Mountains. The larger watershed exhibits
different composite characteristics; and different hydrologic processes
come into play, such as channel storage and network routing.
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5.4

Despite the uncertainty and complications of the Rational Method and
other rainfall-runoff models, one benefit of rainfall-runoff modeling over
gage analysis and regression equations is that the rainfall-runoff models
can be adjusted to account for changes in the watershed, such as urbaniza-
tion or wildfire. Using the Rational Method, one could adjust the C value
to account for these changes. Nevertheless, ground truthing and determin-
ing uncertainty in these adjusted models would be difficult if not function-
ally impossible.

Pertinence to OHWM

Rainfall-runoff models are seldom applicable for finding recurrence inter-
vals for OWHM purposes. Typically it is easier, faster, and still defensible
to use regression equations, such as those in StreamStats and others for
urbanized areas (Sauer et al. 1983). Rainfall-runoff models may be appli-
cable to OHWM delineation when regression equations and gage analysis
are not applicable to a site, perhaps because the contributing area is very
small, highly manipulated, or lacking nearby gages. In these cases, simple
rainfall-runoff models are likely the preferred option with the recognition
that uncertainty may be high. Given that recurrence intervals are supple-
mental information to the primary field indicators in OHWM delineation,
the costs of more complicated rainfall-runoff models generally outweigh
the benefits.
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6 Applicability of Modeling Flow Frequency
for OHWM Delineation

As shown throughout this document, there are multiple methods of flow
frequency analysis, each with different benefits and limitations. In most
cases, regional regression equations are the first choice for estimating
flood recurrence intervals for OHWM purposes. They are easy to use and
provide defensible results in many settings. In locations near a gage, re-
gression equations can be combined with gage analysis (Blakemore et al.
1994) to provide more-reliable estimates of flood flow frequencies. There
are many locations where regression equations are not applicable and gage
records are not available. These are generally highly manipulated water-
sheds or very small watersheds that are outside the valid range of water-
shed characteristics for the regression equations. For small and moderate-
sized watersheds, rainfall-runoff models, such as the Rational Method,
SCS method, or other rainfall-runoff models, may be applicable. In these
cases and especially in large watersheds where more complicated, labor-
intensive models are required, the benefits of the models must be weighed
against the costs.

Throughout this document it is clear that all of the models—gage analysis
relationships, regression equations, and rainfall-runoff models—have un-
certainty that limits their applicability to OHWM delineation. If one were
to model the water surface elevation and lateral extent of streamflow for a
specific recurrence interval, then that estimate might have a substantial
window of error associated with it. This error is compounded by the errors
in the hydraulic model used to determine the water surface elevation and
lateral extent for the modeled discharge. Thus, the OHWM should typi-
cally not be precisely delineated based on a modeled streamflow recur-
rence interval (Figure 9A).

However, this is not to say that streamflow statistics have no utility for
OHWM delineation purposes. For example, one could model the amount
of streamflow required to inundate a stream channel to a particular point
(e.g., to the elevation of a surveyed field feature) and then estimate the
range of recurrence intervals associated with this flow (Figure 9B). If the
range of recurrence interval is far beyond the bounds of what could rea-
sonably be associated with the OHWM, then this information could poten-
tially rule out misleading field indicators. In short, this information can
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add context to the physical features observed in the field; and this can help
to narrow down the OHWM location.

Figure 9. Different applications of OHWM in modeling: (A) invalid and (B)
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The use of hydrologic modeling for OHWM delineation purposes should
be undertaken with full consideration of the associated limitations. All
model results have uncertainty, even if that uncertainty is not reported.
Though the hydrologic models investigated here can be fraught with diffi-
culty and uncertainty, information from modeling is often better than no
information at all. Hydrologic modeling is typically best used to provide
supplemental information to combine with field evidence.
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7 Summary

This document focuses on the methods and limitations of determining
flood recurrence intervals through modeling and the applicability of such
methods for OHWM delineation purposes. Companion documents focus
on the use of hydraulic modeling for OHWM delineation (Gartner et al.
2016a) and an investigation of combining the use of hydraulic modeling,
hydrologic modeling, and field evidence for OHWM delineation (Gartner
et al. 2016b).

This report investigated and tested three modeling approaches to flood
frequency analysis that could be useful in OHWM delineation. The princi-
pal conclusions are that (1) there are multiple ways to estimate streamflow
recurrence intervals, each with its own benefits and limitations and each
giving slightly different results; (2) the uncertainty in flow frequency anal-
ysis is one of several reasons why the OHWM typically should not be delin-
eated based on the inundation extent of a specific flow recurrence interval;
and (3) despite this uncertainty, flow frequency analysis can assist in
OHWM delineation by bringing quantitative analysis to help eliminate or
support potential OHWM locations observed in the field.
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intervals, each having benefits, limitations, and slightly different results; (2) the uncertainty in flow frequency analysis is one reason
why the OHWM typically should not be delineated based on the inundation extent of a specific flow recurrence interval; and (3) despite
this uncertainty, quantitative flow frequency analysis can assist in OHWM delineation by helping to eliminate or support potential
OHWM locations observed in the field. Two separate companion documents focus on (a) hydraulic modeling for OHWM delineation
and (b) the combined use of hydraulic modeling, flow frequency analysis, and field evidence for OHWM delineation.
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